The association constants for formation of 1 : 1 complexes between a H-bond donor, 1-naphthol, and a diverse range of charged and neutral H-bond acceptors have been measured using UV/vis absorption and fluorescence emission titrations. The performance of 1-naphthol as a dual colorimetric and fluorescent molecular recognition probe for determining the H-bond acceptor (HBA) parameters of charged and neutral solutes has been investigated in three solvents. The data were employed to establish self-consistent H-bond acceptor parameters (β) for benzoate, azide, chloride, thiocyanate anions, a series of phosphine oxides, phosphate ester, sulfoxide and a tertiary amide. The results demonstrate both the transferability of H-bond parameters between different solvents and the utility of the naphthol-based dual molecular recognition probe to exploit orthogonal spectroscopic techniques to determine the HBA properties of neutral and charged solutes. The benzoate anion is the strongest HBA studied with a β parameter of 15.4, and the neutral tertiary amide is the weakest H-bond acceptor investigated with a β parameter of 8.5. The H-bond acceptor strength of the azide anion is higher than that of chloride (12.8 and 12.2 respectively), and the thiocyanate anion has a β value of 10.8 and thus is a significantly weaker H-bond acceptor than both the azide and chloride anions.
Introduction
In biological systems, exploitation of the controlled formation of H-bonding interactions to charged or neutral acceptors in molecular recognition motifs plays an essential role in the regulation of structure and function in a wide range of processes.
1,2 Molecular recognition events mediated by H-bonding interactions have also been widely employed in supramolecular chemistry 3,4 to achieve an operational basis in numerous synthetic systems, finding wide-ranging applications in responsive materials, 5 receptors, 6 sensing 7 and catalysis. 8 Given the importance of molecular recognition events involving H-bonding interactions in biological and synthetic systems, the development of H-bond scales that define strength of acceptor and donor species, and thus permit a deeper understanding of the behaviour of solutes in solution, have generated much interest.
9-12
To develop a quantitative definition of the H-bond properties of solutes in solution, Hunter introduced the electrostatic solvent-competition model to describe the solutionphase equilibrium that exists between H-bonded solutes. 13 In this model, the H-bonding interaction formed between two solutes can be interpreted based on pairwise interactions between specific functional group contacts and thus the influence of solvent on the position of equilibrium in the H-bonding interaction can be viewed as a competition between solvent-solute interactions and solvent-solvent interactions ( Fig. 1) . A variety of UV/vis and NMR spectroscopic molecular recognition probes [14] [15] [16] have been employed to understand the influence of solvent on solution equilibria but these probes can only be used with a single spectroscopic technique. Dual probes hold distinct advantages over single output systems as they provide orthogonal spectroscopic techniques by which to validate data but dual molecular recognition probes are yet to be reported to study solvation phenomena. Here, we report on the development of a dual molecular recognition probe that employs UV/vis absorption spectroscopy and the complementary spectroscopic technique of fluorescence emission to analyse the influence of solvent on solution phase equilibria.
Using the solvent competition model defined by eqn (1), the Gibbs free energy (ΔG°) of formation of the H-bonded complex between two solutes can be predicted in any solvent environment if the H-bond parameters are known for both the solutes (α and β respectively) and the solvent (α s and β s ).
where the adverse free energy associated with formation of a bimolecular complex in solution has been experimentally determined to be 6 kJ mol −1 in carbon tetrachloride and is assumed to be a constant in other solvents. 13 Through experimental measurement of the association constants for 1 : 1 H-bonded complexes, eqn (1) can be used to determine the H-bond parameters of solutes and solvents. [17] [18] [19] [20] [21] [22] [23] [24] For example, eqn (2) may be obtained through rearrangement of eqn (1) and can be employed, with knowledge of α, α s and β s , to determine β values for charged and neutral solutes.
Using this method, a diverse range of neutral and charged organic functional groups have been placed on the H-bond acceptor scale. Trialkyl amine oxide and trialkyl phosphine oxides are two of the strongest neutral organic acceptors (β ≈ 11). 23, 24 Carboxylate anions, benzoate and acetate, have the highest β values (≈15) of the charged acceptors studied. 23 The H-bond acceptor properties of the neutral organometallic compound trans-[Ni(F)(2-C 5 NF 4 )(PEt 3 ) 2 ] has also been measured (β ≈ 12). 24 Whilst the H-bond acceptor properties of a range of charged acceptors have been characterised, 23 Here, we report on the development of a dual molecular recognition probe that employs orthogonal spectroscopic techniques (UV/vis absorption and fluorescence emission) in three solvents to determine the HBA parameters (β) of a range of charged and neutral solutes, including azide and thiocyanate.
Results and discussion 1-Naphthol (1) is a strong H-bond donor (α = 3.9) that has an absorption maximum in the UV/vis region and a fluorescence emission signal both of which undergo significant changes upon formation of a H-bond with a HBA. This permits the measurement of association constants using the two orthogonal spectroscopic techniques and accordingly, the ability of 1 to function as a dual fluorescence and colorimetric molecular recognition probe for HBAs was studied through investigation of the formation of H-bonded complexes of 1 with a series of eleven HBAs (2-12, Schemes 1 and 2) in three different solvents. The four charged acceptors selected as HBAs were benzoate, azide, chloride and thiocyanate anions (2-5). The non-competitive counter-cation, tetrabutylammonium (TBA), was the same in all cases to allow for direct comparison of HBA strength. 23, 30 The neutral HBAs include a family of phosphine oxides, a phosphate ester, a sulfoxide and a tertiary amide (6-12). The H-bond donor parameter of 1 is comparable to that of phenol, 13 at the high end of the α scale. Stable H-bonded complexes are formed by 1 in a range of apolar solvents, even with weaker neutral acceptors, allowing multiple measurements to be obtained for even poor HBAs. Titration experiments were conducted in carbon tetrachloride, chloroform and dichloromethane, so that the transferability of the parameters obtained in different solvent environments could be assessed. The ability of 1 to function as a dual colorimetric and fluorescent molecular recognition probe was investigated through performing a series of UV/vis absorption and fluorescence emission titration experiments. Representative UV/vis absorption and fluorescence emission spectra are shown in Fig. 2 . In the presence of higher concentrations of 2-12, the UV/vis absorption band and fluorescence emission signal of 1 both displayed a marked bathochromic shift (see Fig. 2 and ESI †). [18] [19] [20] [21] [22] [23] [24] 31 By fitting the titration data to a 1 : 1 binding isotherm 23 or a 1 : 1 binding isotherm that accounts for a second weaker binding interaction, 20 a good fit was observed, and consequently, association constants were obtained for the 1·X complexes (where X = 2-12). 32,33 The measured association constants are shown in Table 1 . There are several instances where acquisition of titration data was not possible either due to overlapping UV/vis signals of the solutes (as for 1·2, 1·3 and 1·5 complexes in carbon tetrachloride and 1·2 and 1·3 complexes in chloroform), or through quenching of the fluorescence signal of 1 (as for 1·2 and 1·3 complexes in dichloromethane and for all the fluorescence titrations undertaken in carbon tetrachloride). 34 The association constants measured for the 1·X complexes span three orders of magnitude (Table 1 ). The largest association constants are seen in carbon tetrachloride and the lowest in chloroform whilst the values determined in dichloromethane are intermediate between these two. For example, the association constants measured for the 1·4 complex using UV/ vis absorption spectroscopy in carbon tetrachloride is 16 000 M −1 , in dichloromethane 810 M −1 and in chloroform 260 M −1 .
In chloroform, the association constants were too low to be reliably measured for complexes formed with the weaker sulfoxide and tertiary amide HBAs, 11 and 12.
The order of the association constants for different HBAs is consistent in the three solvents:
In general, the stabilities of the H-bonded complexes formed with the anions are stronger than those formed with neutral acceptors which is consistent with the literature. 23 Of the charged acceptors, the carboxylate anion forms the most stable complexes with 1 whilst thiocyanate has the lowest a Average of at least two titrations. Errors are quoted at the 95% confidence limit. In all cases greater than 50% saturation of the binding isotherm was achieved. b The absorption of the solute obscured the spectrum. c Quenching of the fluorescence emission of 1 upon addition of increasing amounts of guest.
d The association constant was too low to be accurately measured. e Saturation of the binding isotherm was below 50%. association constants. The azide anion forms significantly more stable complexes than the chloride anion. Of the neutral solutes, Cy 3 PO forms the most stable complexes with 1 in all three solvents whilst the complexes formed with N,N-dihexylacetamide have the lowest association constants. The stability of H-bonded complexes formed with thiocyanate are lower than those obtained for Cy 3 PO but comparable to those determined for Oct 3 PO. The association constants measured for H-bonded complexes of the neutral solutes with 1 is highly dependent on the nature of the functional group, following the order; phosphine oxide > phosphate ester > sulfoxide > tertiary amide. This ranking correlates well with literature H-bond acceptor parameters. 13 Within the family of phosphine oxide HBAs, 6-9, the stability of the 1·X complex formed depends on the substituents. Cy 3 PO (6) has slightly larger association constants than analogous complexes formed with the phosphine oxides bearing acyclic aliphatic chains (7-9). The results obtained using the two orthogonal spectroscopic methods, UV/vis absorption and fluorescence emission, gave comparable association constants for both the neutral and charged 1·X complexes (Fig. 3) . The good correlation observed for the association constants measured using the orthogonal spectroscopic techniques in each of solvents indicates consistency in the performance of 1 as a dual molecular recognition probe.
To establish if a set of self-consistent H-bond parameters could be obtained in the three solvents using the two different spectroscopic techniques, the association constants in Table 1 were used in eqn (2) with the solvent H-bond parameters in Table 2 to obtain values of β. Table 3 shows the values of β derived for each of the associations constants in Table 1 . Good agreement is observed for the β values for both charged and neutral acceptors utilizing the association constants derived by the two orthogonal spectroscopic techniques and in different solvents. For example, for neutral acceptor, 8 (Oct 3 PO) displays a β range of 10.7-11.1 for five independently determined values. Consequently, the average HBA parameter can be calculated, as in Table 3 , through combining the individual β values and can, therefore, be employed to quantify the HBA strength of charged and neutral solutes in different solvent environments. The excellent correlation observed between the experimentally measured free energies of complexation (ΔG°) and the values calculated using eqn (1) in conjunction with the average β values from Table 3 is shown in Fig. 4 .
The H-bond acceptor properties of the neutral and charged acceptors are depicted in Fig. 5 42 Of the studied neutral functional groups, the family of phosphine oxides (6-9) have the highest β values (11.3-10.2) whilst the phosphate ester 10 (8.9) and sulfoxide 11 (8.8) are both stronger H-bond acceptors than tertiary amide, 12 (8.5). Of the four phosphine oxides studied, Cy 3 PO has the largest β value (11.3) whilst Oct 3 PO has a β value of 10.8, Bu 3 PO has a β value of 10.6 and Me 3 PO the lowest value of 10.2 (Table 3) . We have previously reported that trialkyl phosphine oxides have an average β value of 10.7, 23 however, there is a degree of variation in the β values of 6-9 (11.3-10.2). The slightly higher β value of Cy 3 PO compared to the other studied phosphine oxides, 7-9, indicates that the nature of the substituent has an influence on the HBA properties of a functional group. 6 has a HBA strength that is close to that of the strongest neutral acceptor currently placed on the universal scale, trialkyl amine oxide (11.6). 24 SCN − is comparable in HBA properties to Oct 3 PO. The β value of 8.9 for (OEt) 3 PO matches that determined experimentally by Abraham and co-workers 11 whilst the β value of 8.8 obtained for Bu 2 SO correlates well with reported β value of 8.9. 13 In this study we quantify the HBA properties of the sulfoxide demonstrating that they are slightly weaker than that of the phosphonate ester. The tertiary amide is the weakest HBA studied with a β value of 8.5, which correlates well with the reported value of 8.3 calculated from the β 
Conclusions
Fluorescence emission and UV/vis absorption titration experiments have been employed to analyze the formation of H-bonded complexes between eleven H-bond acceptors, of which four were charged and seven were neutral, and the neutral H-bond donor, 1-naphthol, in chloroform, dichloromethane and carbon tetrachloride. The solvent competition model developed by Hunter fully accounts for the spectroscopic data obtained for the H-bonded complexes observed thus permitting the H-bond acceptor parameters (β value) to Fig. 4 Comparison of experimental free energies of complexation ðΔG°e xp Þ with values calculated using eqn (1) ðΔG°c alc Þ for H-bonded complexes formed with anions and neutral acceptors in carbon tetrachloride, chloroform and dichloromethane using data from both the UV/vis absorption spectroscopy and fluorescence emission spectroscopy titration experiments. The line represents ΔG°c alc ¼ ΔG°e xp . be determined for the diverse range of anions and the neutral solutes studied. The successful performance of 1-naphthol as a dual molecular recognition probe, with orthogonal spectroscopic readouts, has been demonstrated through the close agreement observed for the data obtained for the H-bonded complexes using both fluorescence emission and UV/vis absorption spectroscopy in different solvents. The transferability of the HBA parameters determined for the neutral and charged species indicates that this data can be readily employed to predict the H-bonding behavior of these anions and neutral solutes in any solvent environment. Benzoate is the strongest H-bond acceptor studied, 23 whilst amongst the other charged species investigated, N 3 − has been
shown to be significantly stronger HBA than Cl − whilst SCN − has been identified as a substantially poorer HBA than the halide. The HBA strength of thiocyanate has been shown to be comparable to the neutral solute, Oct 3 PO. Tertiary amides have been shown to be the weakest HBA investigated whilst the ordering of the studied neutral functional groups follows the ranking; phosphine oxide > phosphate ester > sulfoxide > tertiary amide. We anticipate that the quantification of the H-bond acceptor parameters of the two pseudo-halides, azide and thiocyanate anions, could facilitate system design in supramolecular architectures which employ these structural motifs. Moreover, the successful performance of 1-naphthol as a dual colorimetric and fluorescent molecular recognition probe represents a new entry into the molecular recognition toolbox providing orthogonal spectroscopic techniques, which are complementary to those that are currently utilized, to study the influence of solvent on solution phase equilibria of H-bond complexes formed between solutes.
General experimental section
All compounds were purchased from Sigma-Aldrich unless otherwise stated. Chloroform was purchased from Acros as 99+ % for spectroscopic grade. Tributylphosphine oxide, TBACl, TBASCN, TBAN 3 , and trioctylphosphine oxide were purchased from Aldrich. TBAOBz and triethyl phosphate were purchased from Fluka. Trimethylphosphine oxide and tricyclohexylphosphine oxide were purchased from Alfa Aesar. All compounds were used as received. The measurements of solids were carried out on a Precisa 125A balance. The following abbreviations are employed: Bz = benzoate, Bu = butyl, Cy = cyclohexyl, Et = ethyl, HBA = H-bond acceptor, HBD = H-bond donor, Hex = hexyl, Me = methyl, Oct = octyl, TBA = tetrabutylammonium.
Standard method for UV/vis absorption titrations
Titrations were carried out using a Cary 3 Bio UV/vis spectrophotometer, using standard titration protocols. 15 A 10 mL sample of the host, 1-naphthol (1) was prepared at a known concentration (typically between 0.16 mM and 0.20 mM in CHCl 3 , between 0.14 mM and 0.21 mM in CH 2 Cl 2 and between 0.10 mM and 0.14 mM in CCl 4 ). 2 mL of this solution was removed and added to a quartz cuvette and the UV-Vis spectrum was recorded. The guest (2-12) was then dissolved in 1 mL or 2 mL of the host solution to avoid dilution of the host during the titration and aliquots of this solution were successively added to the cuvette and the UV/vis absorption spectrum was recorded after each addition. The changes in the UV/vis absorption spectra were analysed using a Microsoft Excel spreadsheet to fit the changes in the absorption at fixed wavelengths to a 1 : 1 binding isotherm or a 1 : 1 binding isotherm accounting for a non-specific interaction optimising the association constant and absorption of the free and bound host using purpose written VBA macros. In all cases, the [guest] was chosen to obtain a binding isotherm of ≥50% saturation. H-bond donor 1 displays bathochromic shifting of its characteristic UV/vis absorption band upon complexation with hydrogen bond acceptors 2-12 in the studied solvents.
Standard method for fluorescence titrations
Titrations were carried out using a Cary Eclipse fluorescence spectrophotometer (Agilent). A 10 mL sample of the host, 1-naphthol (1) was prepared at a known concentration (typically between 0.04 mM and 0.09 mM in CHCl 3 and between 0.05 mM and 0.06 mM in CH 2 Cl 2 ). 2 mL of this solution was removed and added to a quartz cuvette and the fluorescence spectrum was recorded. The guest (2-12) was then dissolved in 1 mL or 2 mL of the host solution to avoid dilution of the host during the titration and aliquots of this solution were successively added to the cuvette and fluorescence emission spectrum was recorded after each addition. The changes in the fluorescence emission spectra were analysed using a Microsoft Excel spreadsheet to fit the changes in the absorption at fixed wavelengths to a 1 : 1 binding isotherm or a 1 : 1 binding isotherm accounting for a non-specific interaction optimising the association constant and absorption of the free and bound host using purpose written VBA macros. In all cases, the [guest] was chosen to obtain a binding isotherm of ≥50% saturation.
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